Abstract: Rainfall-induced landslides are a common problem in residual soil slopes of the tropics. It is widely known that rainfall-induced slope failures are mainly caused by infiltration of rainwater; however, the response of a residual soil slope to infiltration is not fully understood. The difficulties lie in the quantification of the flux boundary condition across the slope surface with respect to infiltration and its effect on the pore-water pressure conditions in the slope. Therefore, it is important to understand the response of a slope to different rainfall conditions and the resulting changes in pore-water pressures and water contents. A residual soil slope in Singapore was instrumented with porewater pressure, water content, and rainfall measuring devices, and studies were carried out under natural and simulated rainfalls. Results indicate that significant infiltration may occur in a residual soil slope during a rainfall. Small total rainfalls can contribute a larger infiltration percentage than large total rainfalls. The percentage of infiltration usually decreases with increasing total rainfalls. The study has indicated the existence of a threshold rainfall of about 10 mm for runoff generation to commence. Infiltration during wet periods may lead to the development of positive pore-water pressures as a consequence of a perched water table condition. Matric suctions are recovered gradually during dry periods due to redistribution. Soil water contents tend to be higher near the toe of the slope than at the crest irrespective of rainfall events, indicating subsurface movement of water in the downslope direction. The study has also indicated a correlation between rainfall amount and relative increase in pore-water pressure. The results can be used to quantify the flux boundary conditions required for the seepage analyses associated with rainfall-induced slope failures.
Introduction
A number of studies have demonstrated that slope failures can be attributed to several factors such as climatic conditions, geological features, topography, and vegetation or to a combination of these factors (e.g., Ost et al. 2003; Basile et al. 2003) . These factors and their contribution to slope instability vary with geographical location. In the tropical and subtropical regions where the groundwater table is usually deep, residual soils frequently exist in an unsaturated condition, and shallow landslides often occur due to heavy rainfall (Lim et al. 1996; Toll et al. 1999) .
Infiltration of rainwater into a residual soil slope may impair slope stability by changing the pore-water pressure in the soil which in turn controls the water content of the soil. Usually unsaturated residual soils experience high matric suction (i.e., negative pore-water pressure) during dry periods, which contributes to the shear strength of the residual soil. During prolonged wet periods when there is sufficient infiltration into the slope, the matric suction of the soil decreases, and this in turn results in an increase in the soil water content. As a result, the additional shear strength provided by the matric suction can be reduced enough to trigger a shallow landslide (Fredlund and Rahardjo 1993; Rahardjo et al. 1995) .
Numerical simulations of rainwater infiltration and subsequent slope instability have been investigated in many studies (e.g., Cheng 1997; Gasmo et al. 2000; Cho and Lee 2001; Tsaparas et al. 2002; Ng et al. 2003) . The application of seepage and slope stability analyses requires an understanding of the infiltration amount and its contribution to the water content, pore-water pressure changes in the slope controlled by the soil physical properties, and climatic conditions. Therefore, it is of primary importance to study, through field measurements, the variation in infiltration, water content, and pore-water pressures (i.e., variation in response) of a residual soil slope with respect to changes in the climatic conditions. With an understanding of the mechanism and the effect of rainwater infiltration into a residual soil slope, a reasonable procedure can be developed for slope stability analysis under transient seepage due to rainfall. This procedure is of interest to geotechnical engineers in finding preventive measures against rainfall-induced slope failures. There appear to be few studies, however, that examine through field measurements the physical process of rainwater infiltration into a residual soil slope and the contribution of the infiltrated rainwater on soil water content and pore-water pressure changes which control the stability of a slope.
The primary focus of this study is therefore (i) to examine changes in infiltration, runoff, soil water content, and porewater pressures in a residual soil slope subjected to various rainfall conditions; and (ii) to identify the infiltration characteristics, particularly the amount of infiltration for a given rainfall.
Theory
The characteristics of water flow, pore-water pressure changes, and shear strength of soils are the main parameters associated with rainfall-induced slope failures in unsaturated soils, and these parameters are directly affected by the flux boundary condition (infiltration, evaporation) at the soilatmosphere interface. The effect of infiltration on water flow through an unsaturated soil can be realized from unsaturated soil mechanics theories. The governing equation for the flow of water through an isotropic unsaturated soil can be formulated using Darcy's law as follows (Fredlund and Rahardjo 1993) : = + /ρ where z is the elevation head; u w is the pore-water pressure; x and y are the cartesian coordinates in the x and y directions, respectively; k w is the hydraulic conductivity; ρ w is the density of water; g is the gravitational acceleration; m 2 w is the coefficient of water volume change (see Fig. 1 ) with respect to a change in matric suction (u a -u w ), or the slope of the soil-water characteristic curve (SWCC), where u a is the pore-air pressure and is assumed to be atmospheric pressure; and t is time.
Although Darcy's law is applicable to water flow through both saturated and unsaturated soils, there are two major differences between the water flows through saturated and unsaturated soils. First, the ability of an unsaturated soil to retain water varies with the soil suction (an SWCC defines the relationship between the soil suction and the water content; see Fig. 1 ). Second, like saturated soils, the hydraulic conductivity of an unsaturated soil is not a constant but rather a function of the soil suction (a permeability function curve defines the relationship between soil suction and the water content). In eq.
[1], both k w and m 2 w are influenced by the changing pore-water pressure as a consequence of infiltration. Infiltration changes pore-water pressure and, since pore-water pressure is related to both water retention (through the SWCC) and hydraulic conductivity (through the permeability function curve) of an unsaturated soil, the flow of water through an unsaturated soil (eq. [1]) is largely affected by the infiltration. Thus it is essential to understand the response of a residual soil slope to rainfall and infiltration.
Equipment and methods

Site description and characterization
The study was conducted at the NTU-CSE experimental plot located on a cut slope (Fig. 2) in the Nanyang Technological University (NTU) campus. The surface measured about 14 m wide by 24 m long, rising to a height of 12 m (gradient 2:1). A berm was cut into the slope during landscaping. A horizontal drain runs across the berm, and the slope is well turfed with Buffalo grass.
The climate at the study site is of the hot and humid equatorial type with no marked dry season. Average values of annual precipitation, annual potential evaporation, and annual mean temperature are 2300 mm, 1800 mm, and 26°C, respectively (Meteorological Service Singapore 1997). Monthly precipitation is usually greatest from November through January, but rain falls in all months of the year. An average of 179 rainy days occur in a year, and rainstorms are short, intense, and of limited spatial extent (Toll et al. 1999) . Rainfall intensity typically ranges from 20 to 50 mm/h, although short-term intensities can exceed 100 mm/h (Rezaur et al. 2002) .
The slope is mainly underlain by the residual soils derived from the weathering of the sedimentary Jurong Formation.
During site investigations in late 1997 six boreholes were drilled into the slope to characterize the slope. Undisturbed soil samples for laboratory tests were collected using a Mazier sampler. Based on the borehole profiles through this site, the slope is characterized with two soil types: orange silty clay and purple clayey silt. The idealized soil profile is shown in Fig. 2 . The orange silty clay (type 1) extends to a depth of about 1.5 m. The purple clayey silt (type 2) layer was found at a depth of 1.5-2.0 m below the surface and is about 4-5 m thick. The index and hydraulic properties of the two main groups of soils as determined from laboratory tests are shown in Table 1 .
The soil-water characteristic curves of the soils obtained from pressure-plate tests in the laboratory are shown in Fig. 1 . The fitted lines in Fig. 1 were derived using the equation of Fredlund and Xing (1994) . The orange silty clay was found to have higher water contents than the purple clayey silt. The gravimetric water content of the orange silty clay ranged between 25% and 35%, and the soil appears to retain the water contents throughout the suction range after the first initial drop (Fig. 1) . The purple clayey silt was found to retain its gravimetric water content across a narrow range between 9% and 13% (Fig. 1) . This implies that the orange silty clay has a higher porosity and is able to retain more water per unit volume than the purple clayey silt. The saturated coefficient of permeability as obtained from a fallinghead permeability test of the orange silty clay was about one order of magnitude greater than that of the purple clayey silt (Table 1) .
Field instrumentation and data collection
The investigation on infiltration characteristics of the residual soil slope required four sets of measurements: (i) rainfall input to the slope under both natural and simulated conditions, (ii) runoff on the slope in response to rainfall, (iii) pore-water pressure changes in the slope in response to infiltration and redistribution, and (iv) soil water content variations in the slope in response to rainfall.
Rainfall
Artificial rainfall was simulated using microspray nozzles (Fig. 3) . The nozzles were installed at a height of 1.8 m above the ground on a retractable metal frame assembly, and each spray could cover a circular area of about 2.5 m in diameter with reasonably uniform distribution of rainfall. A group of eight nozzles was found to be sufficient to cover the plot and produce the desired rainfall intensity. The uni-formity in rainfall application was assessed by collecting rainfall in a number of small cans spread randomly over the spray area and comparing the rainfall collected in the cans for a fixed period of rainfall simulation. Water was supplied to the nozzles via a flexible hose from a submersible centrifuge pump in a water tank. The flow rate was controlled by two sets of valves: a primary feedback valve near the pump, and a set of secondary valves near the nozzles. The secondary valves controlled the supply to the nozzles, and the primary feedback valve was used to control the water pressure on the piping network and divert the excess water back to the supply tank. By calibrating the secondary valves it was possible to produce rainfall of different intensities. Natural rainfall on the slope was recorded by a Handar model 444A 2 (Handar, Sunnyvale, Calif.) tipping-bucket rain gauge ( Fig. 3 ) with a resolution of 0.25 mm per tip.
Surface runoff
Surface runoff in the slope was measured using a capacitance water depth probe (model 6521J, Unidata, O'Connor WA, Australia) housed vertically inside a perspex flume at the lower end of the plot (Fig. 3) . Runoff measurements were made alternately at four locations on the slope (areas A, B, C and D; see Fig. 4 ). Corrugated zinc sheets, 300 mm high and driven about 100 mm into the ground, were used to border the plots (Fig. 3) . Each runoff plot measured about 22.5 m 2 (9.0 m × 2.5 m) in size. The boundaries guided the surface runoff into the perspex flume. The water depth probe had an accuracy of 1 mm and continuous measurement capabilities, with a measuring range of 0-0.5 m. The flume was constructed from perspex sheeting and was adjustable in width. This allowed the flume to be lightweight, portable, and flexible to accommodate small to high flow rates by varying the width as dictated by the plot size. The flume was placed on a levelled platform at the downstream end of the slopes, and the runoff water from the plot outlet was guided to the flume through a half-section of PVC pipe. The connection between the lower plot boundary and the PVC pipe was cemented to avoid any leakage. A buffer plate was fixed inside the flume to dampen turbulence, and the resulting flow was fairly laminar for the depth probe to give stable readings. Prior to the field installation, the probe output signals were calibrated in the laboratory against known flow rates and water depths. Data on surface runoff were collected only during a rainfall event and at a 10 s interval resolution. Table 1 . Soil properties of the NTU-CSE slope. Pore-water pressure Pore-water pressure changes in the slope in response to infiltration were measured by standard jet-fill tensiometers (model 2725, Soilmoisture Equipment Corporation, Santa Barbara, Calif.). Each tensiometer was fitted with a pressure transducer for automated measurement. Seven rows of tensiometers were installed in the slope (designated rows A-G downslope; see Fig. 4 ). Each row was designed to measure pore-water pressures at depths of about 0.5, 1.1, 1.4, 2.3, and 3.2 m (designated columns 1-5) below the ground surface, spaced 0.5 m apart. The spacing between consecutive rows was 2.5-3.0 m. These tensiometer depths and spacing were chosen with a view to acquire detailed information on pore-water pressure profiles across the slope. The tensiometers were installed in 25 mm holes that were cored by pipes to the desired depths using a percussion method. At the bottom, the holes were made slightly smaller in diameter than the tensiometer tube to allow a snug fit between the tensiometer tip and the soil. A layer of bentonite powder was placed around the entrance of the 25 mm hole to seal the small gap between the tensiometer body and the wall of the hole. A 2 mm thick, 6 cm × 6 cm rubber shield was slipped around the tensiometer body and placed on top of the bentonite layer. These steps were taken to prevent any surface water from leaking down the hole along the tensiometer body and reaching the tensiometer tip prematurely. The tensiometers were completely buried with the pressure transducers, leaving only the jet-fill cups protruding from the ground surface. This was done to minimize changes to the appearance of the slopes for aesthetic reasons. The protruding jet-fill cups were then covered with wire mesh to protect them from any accidental damage during regular turf maintenance work on the slope. Figure 4 shows the details of the field instrument layout. Prior to installation, all tensiometers were tested with deaired water to ensure that the ceramic tips were free from cracks and all connections were properly sealed. Pressure transducers were calibrated individually using a microprocessor-based digital pressure calibrator (model DPI601, Druck, Licester, England).
A pressure correction was used to convert the pressure measured by the transducers, which are located at the top of the tensiometer tube, to the actual pressure at the ceramic tip of the tensiometer, which is located at the bottom of the tensiometer tube. The magnitude of the correction is equal to the elevation head between the tensiometer tip and the transducer port. This correction was incorporated in the calibration equation for each tensiometer according to respective depths.
Casagrande-type piezometers, consisting of a 25 mm diameter PVC standpipe attached to a porous stone tip, were installed in five boreholes (Fig. 4) in the slope. The piezometer tips were positioned about 10 m below the ground surface. Small-diameter standpipes were chosen because they would provide a quicker response to any fluctuations in the groundwater table. The boreholes were sealed above and below the piezometer tips with bentonite to obtain accurate measurements of the groundwater tables at the piezometer tips. Each piezometer porous tip housed a submersible, water-depth transmitter (model PTX 161/D, Druck) for long-term and automatic readings of groundwater table fluctuations in response to rainfall. Prior to field installation, each transmitter was calibrated in a pressure chamber to measure gauge pressure from 0 to 20 m of water. The standpipe also served as a backup so that manual measurements could be performed in the event the transmitter became inoperable. Tensiometer and piezometer readings were scanned at 20 min intervals by dataloggers (Hydra, Fluke, Everett WA, USA) and were stored in a personal computer.
Soil water content
The average water content of the surface soils (0.15 m depth) in the slope before and after a rainfall event was measured by time domain reflectometry (TDR) techniques. A Trasemeter (model 6050X1, Soilmoisture Equipment Corp.), which works on the TDR principle, was used to measure the average water content along the length of its waveguide (0.15 m). The waveguide was positioned vertically and pushed completely into the soil, and TDR measurements were taken near each tensiometer location (Fig. 4) .
Soil in general is composed of air, mineral-soil particles, and water. The dielectric constant (K) of air, mineral particles, and water is 1, 2-3, and 80, respectively. Because of the great difference between the dielectric constant of water and that of other constituents in a soil, the dielectric constant of a soil is dependent on the water content of the soil. If a soil is completely dry, K will be 3 or 4 and about 11-12 at 25% volumetric water content, θ w . The TDR technique for measuring soil water content is established on the relationship between the volumetric water content of a soil, θ w , and its apparent dielectric constant, K. The relationship between K and θ w is practically independent of soil type or fabric for a wide range of soil textures and properties. This relationship has been verified by many studies (e.g., Topp and Davis 1984; Dalton and Van Genuchten 1986; Zegelin et al. 1992) and has been accepted as the universal relationship for volumetric water content and apparent dielectric constant measured using TDR (Cook and Fredlund 1998) .
The Trasemeter consists of a step pulse generatoranalyser, a coaxial cable, and a waveguide. The step pulse generator emits an electromagnetic pulse that travels along its coaxial cable and through its parallel metallic waveguide buried in the soil at a speed determined by the dielectric constant of the soil. From the travel time of the pulse along the waveguide and from the known length of the waveguide, the Trasemeter analyser computes the dielectric constant K of the soil. The analyser then computes the water content of the soil from the relationship between K and θ w .
Results and discussion
Simulated rainfall and infiltration
During February of 1998 five simulated rainfall experiments were conducted in area A of the slope to understand infiltration effects on the residual soil slope under controlled-rainfall conditions. It is difficult to assess the infiltration effects on the slope due to natural rainfall events because natural rainfall intensity and duration vary within a rainfall event and from event to event. A summary of experiments with simulated rainfalls is shown in Table 2 . A second set of five experiments with simulated rainfall was conducted between 17 November 1998 and 5 January 1999 in areas A-D. These data are summarized in Table 2 (rows 6-10). Because of a gap between these two datasets due to equipment breakdown, however, the effects of antecedent moisture on infiltration and runoff are not obvious in the second set of data. Therefore, analyses and interpretation of results from these data are not done with the first set of rainfall simulation data. Data from the first rainfall simulation experiments are discussed in this section.
A few features of the infiltration characteristics on the residual slope are apparent from Table 2 . It appears that the minimum infiltration rate decreases with an increase in the duration of rainfall application (Table 2, column 9). The time to runoff (time lag between rainfall application and runoff generation) decreased (Table 2, column 6) with an increase in the rainfall intensity (Table 2 , column 4). This indicated that the higher the rainfall intensity, the earlier the initial abstraction is satisfied. Total runoff as a percentage of total rainfall increases (Table 2, column 8) and total infiltration as a percentage of the total rainfall decreases ( Table 2 , column 10) with subsequent rainfall events.
The rate of infiltration (and physical properties of the soil and vegetation that control it) is a chief regulator determining the hydrograph shape. On slopes with a low infiltration rate, infiltration-excess overland flow (when rainfall rate exceeds the infiltration rate of the soil) usually dominates. In this case, the surface runoff hydrograph produces a short time to peak flow, a high peak discharge, and a rapid recession limb. On the other hand, slopes with a high infiltration rate may produce hydrographs with a low peak discharge, a longer time to peak flow, and a prolonged recession limb (Whipkey and Kirkby 1978) .
In an attempt to make a comparison between the hydrographs from simulated rainfall events and to illustrate varying hydrograph shapes, each simulated rainfall and associated runoff and infiltration record is plotted in Fig. 5 . The infiltration rates shown in Fig. 5 are derived by subtracting runoff rates from rainfall rates. This is not a precise estimation and probably produces a slight overestimation of the infiltration rate because there are other losses (interception and evaporation) during a rainfall event in addition to infiltration losses which may reduce infiltration rates. Nevertheless, the derived infiltration rates (a loss in input) provide an estimation of the percentage of rainfall not contributing to surface runoff generation.
The hydrographs (Fig. 5) show that there was no runoff during the early part of the simulated rainfall events. During this period all the rainfall water is lost as infiltration (a fraction may have also been retained by the slope vegetation as interception). As the rainfall continues, after some time the initial abstraction is satisfied and the plot area closest to the runoff collection point starts contributing to runoff. This leads to the initiation of the runoff hydrographs. It takes some time for the runoff from all areas of the slope to reach the downstream end where it contributes to the runoff measurement point. As rainfall continues, more and more of the slope areas start contributing to the runoff, resulting in the rising limbs of the hydrographs. When all areas of the slope start contributing to the runoff, the runoff rate reaches its peak and becomes steady, as observed in the horizontal part of the hydrographs.
It is noted that during the rainfall event of 9 February 1998 the runoff rate did not exceed the infiltration rate and the rise in runoff rate is slow. This is due to the relatively dry soil conditions that prevailed before the rainfall event. The hydrographs of subsequent runoff events, however, show an early time to runoff, a rapidly rising limb, a runoff rate exceeding the infiltration rate during steady state runoff, and a runoff rate increasing from rainfall to rainfall. Sudden changes (increases) in the steady state runoff rates are noticed in hydrographs from rainfall events with relatively long durations (18, 20, and 25 February 1998) , however. This sudden increase in steady state runoff rates can be attributed to the permeability of the different soil layers in the slope. During long-duration rainfall events, the orange silty clay layer has become saturated and the wetting front starts advancing solely through the purple clayey silt layer (Fig. 2) , which has a permeability about one order of magnitude lower than that of the orange silty clay layer (see Table 1 ). This reduction in soil permeability between the two layers causes a reduction in the infiltration rate and a subsequent rise in the runoff rate, as reflected in the sudden changes in the steady state runoff rates.
The time until the peak runoff is reached for a hydrograph is influenced to some extent by the rainfall characteristics and the runoff rate and is controlled by antecedent rainfall and soil moisture. The recession limb of a runoff hydrograph is usually independent of rainfall characteristics and is more influenced by slope topography and soil properties. Therefore, the most noticeable and significant changes in the shape of the runoff hydrographs from simulated rainfall events between 9 and 25 February 1998 are the increases in peak runoff rates from storm to storm ( Fig. 5 ; Table 2 , column 7). Also significant are the decreasing infiltration rates in successive storms ( Fig. 5 ; Table 2 , column 9) and the similar recession limbs of the hydrographs. Given the nearly similar rainfall characteristics, the changes in the shape of the runoff hydrographs can be attributed to the decreasing infiltration rates from rainfall to rainfall due to antecedent water contents in the soil. The variation of the water content in the slope due to rainfall is discussed in the next section.
The hydrograph from a rainfall event on 25 February 1998 indicates infiltration and runoff generation conditions under a long-duration and relatively low intensity rainfall. During long-duration and low-intensity rainfall events the infiltration rate reduces significantly and the steady state runoff rates may approach rainfall rates, but the time to peak runoff is long. The incomplete recession limb for the hydrograph of the rainfall on 25 February 1998 was due to malfunction of the water depth probe. A comparison of total runoff and total infiltration expressed as a percentage of total rainfall from individual events ( Table 2 , columns 8 and 10) indicates that a large portion of the rainwater enters the slope as infiltration and may contribute to the potential for slope instability. These data suggest that about 40%-74% of the total rainfall amount contributes to infiltration, depending on the rainfall intensity and duration and antecedent water content conditions in the slope (Table 2) .
Water content variation due to rainfall
The variations in the water contents in the slope (area A) due to the simulated rainfall events are shown in Table 3 . The water content values are the average volumetric water contents within 15 cm depths obtained from TDR measurements before and after each rainfall event near each tensiometer location between rows A and D (see Fig. 4) . Table 3 indicates the existence of a general trend in the water content data. The volumetric water contents near the toe (row D) of the slope always appear to be (before or after rainfall) higher than those at the crest (row A). The existence of relatively higher water contents near the slope toe than at the crest before and after rainfall events suggests the existence of subsurface flow within the soil layers in a downslope direction towards the toe of the slope. In this case, water in the upper slope areas drains vertically downwards and to the lower slope areas as subsurface flow. As a result, there is more drainage on the upper slope areas and more water retention on the lower slope areas. The lower slope areas remain wetter than the upper slope areas and therefore show higher water contents than those at the crest.
In the previous section it was pointed out that the time to runoff, peak runoff rate, and infiltration rate decrease from event to event and are controlled by the antecedent moisture conditions prevailing in the slope prior to each rainfall event. The water content data for the slope before and after the rainfall event (Table 3) show why the time to runoff, peak runoff rate, and infiltration rates were reached earlier during the subsequent rainfall events. For instance, the average water content in the slope prior to the rainfall simulation on 9 February 1998 was about 34% (Table 3 ). Prior to the rainfall simulation on 11 February 1998, the average water content of the slope was about 35% (a consequence of previous rainfall). This implies that the initial degree of saturation of the slope before the 11 February 1998 rainfall event was higher than that before the 9 February 1998 rainfall. Therefore, with about the same rainfall intensity, the time to runoff and peak runoff were reached earlier and the runoff rate exceeded the infiltration rate earlier than the previous rainfall. The change in volumetric water contents in the slope due to a rainfall appears to be influenced by the amount of the rainfall and the number of dry days between rainfall events. 
Natural rainfall and infiltration
During December 1998 and January 1999, data on natural rainfall-runoff events were collected for 27 rainfall events on the slope. Data from these 27 events were analysed to determine the total runoff resulting from each rainfall event, total runoff and infiltration expressed as a percentage of total rainfall, and peak intensity of each rainfall event. Table 4 summarizes the results of the runoff measurements from natural rainfall events in the slope. The runoff coefficients (ratio of runoff amount to rainfall amount in percentage) in the slope for all runoff-generating rainfalls varied from 11% to 45% (Table 4) , with an average value of 25%. Runoff generation appears to be infrequent in the grass-covered residual soil slope. The data suggest that rainstorms in excess of 10 mm usually generate runoff, even under dry antecedent conditions (Table 4 , see rainfall and runoff amounts on 16 and 25 December 1998 and 4 and 14 January 1999).
In Fig. 6 , infiltration amounts (as a percentage of total rainfall) are plotted against rainfall amounts from 27 natural and 10 simulated rainfalls monitored in the slope. It appears from Fig. 6 that rainfall events producing small total amounts of rainfall may contribute fully to infiltration. This suggests the existence of a threshold rainfall amount. Any rainfall below this amount will not produce any runoff, and the whole rainfall may end up as infiltration. With reference to Fig. 6 (broken line) , this threshold appears to be about 10 mm of total rainfall. Beyond the threshold rainfall, the percentage of rainfall contributing to infiltration decreases with an increase in total rainfalls. The infiltration amount could decrease to about 40% of the rainfall (Fig. 6) for rainfall events that produce a high total amount of rainfall. This, however, does not mean that the total infiltration amount is less under rainfall events with a higher total rainfall than the total infiltration under rainfall events with a smaller total rainfall. For example, with 40% of the rainfall contributing to infiltration, a 100 mm rainfall (higher total amount) would result in a total of 40 mm infiltration. With 100% of the rainfall contributing to infiltration, a 10 mm rainfall would produce only 10 mm of total infiltration.
The data suggest that in residual soil slopes total infiltration could range between 40% and about 100% of the total rainfall depending on the rainfall amount. The relationship (Fig. 6) derived from the rainfall records in the residual soil slope has practical significance. If the rainfall amount is known, Fig. 6 could indicate the fraction of the rainfall that could become infiltration. This may be useful for seepage analysis that requires this information as flux boundary conditions.
Pore-water pressure variation due to rainfall
The effect of infiltration and evapotranspiration on porewater pressure changes in the slope can be examined independently. Figure 7 shows an enlarged view of the porewater pressure variation in the slope in response to the rainfall event (simulated) of 20 February 1998 at selected locations. The tensiometers at 0.5 m depths were inoperative during February 1998 due to instrument malfunction. Therefore, data from tensiometers at 0.5 m are not presented. All tensiometers at shallow depths (1-2 m) showed a response to the rainfall event. The tensiometers near the slope crest (row B) and at shallow depths showed the earliest and most noticeable response to the wetting front due to infiltration. The tensiometers near the toe (e.g., row C, 1.4 m depth) showed a delayed response. The tensiometer at greater depth (3.2 m), however, did not show any response to this rainfall. It is interesting to note that in less than about 10 min from the onset of the rainfall, the tensiometers at shallow depths showed responses to infiltrating rainwater as seen by the changing pore-water pressures. Figures 8 and 9 show the typical daily variation of porewater pressures at different depths and locations in the slope in response to dry and wet climatic conditions. The wet conditions are a consequence of both natural and simulated rainfall events between 8 and 22 February 1998. Rainfall events with a small total rainfall amount (e.g., 15 February 1998) only affect the pore-water pressures at shallow depths (Fig. 9) . The small natural rainfall event (about 2 mm) during 17 February 1998 did not show any effect on the pore-water pressures in any locations in the slope (Fig. 9 ). Tensiometer data (Figs. 8, 9) suggest that the zone of influence of infiltration extends to about the 3 m depth. Tensiometers at shallow depths showed a quick response to rainfall and redistribution. The tensiometers at a greater depth showed a delayed response. The nearly instant change in pore-water pressures at different depths during a rainfall event (Figs. 8, 9 ) indicates a fast infiltration rate into the slope. This, however, does not lead to a constant wet soil condition, as can be seen in the gradual suction recovery between rainfall events. Figures 8 and 9 show that matric suctions (negative pore-water pressures) prevail at shallow depths during dry periods but gradually decrease with an increase in depth. The soils at shallower depths are in close proximity to the atmosphere and surface vegetation and therefore are more easily and frequently influenced by rainfall and evapotranspiration compared to the deeper soil layers. In addition to vertical and downslope drainage, the combined influence of soil properties and vegetation encourages evaporation, transpiration, and redistribution at the soil-atmosphere interface. Consequently, the pore-water pressures at shallow depths experience relatively quick and high matric suction developments. In contrast, the soils at greater depths, where the influence of climate and vegetation is less, require a relatively longer time for the suction recovery and therefore show a delayed response, as observed in Figs. 8 and 9 .
Positive pore-water pressures observed at different depths (Figs. 7-9 ) are a consequence of a perched water table that has developed. Positive pore-water pressures may also develop in poorly sealed tensiometers where surface water may leak down along the tensiometer tube during a rainfall and reach the tensiometer tip prematurely, causing a sudden rise in pore-water pressure. In the present study the chances that the observed positive pore-water pressures are a consequence of surface water leaking along the tensiometer tubes are less likely because the tensiometers were properly sealed and adequate precautions were taken to avoid any leakage along the tensiometer shaft (described in the "Field instrumentation and data collection" section). Furthermore, although the tensiometers showed rapid responses to the infiltrating rainwater, the gradual recovery of matric suctions after rainfall and during dry periods (Figs. 7-9) provides additional evidence that the positive pore-water pressures observed were not due to leakage of surface water along the tensiometer shaft. A sudden decrease in matric suction due to surface water leaking along a tensiometer body during rainfall will be recovered immediately after a rainfall event (Gasmo et al. 2000) . This happens because the soil surrounding the prematurely wet tensiometer tip still remains near its initial matric suction prior to the rainfall event. Therefore, the surrounding soil is able to absorb the moisture from the surface water leak, causing the matric suction of the soil in contact with the tensiometer to recover rather quickly.
Piezometers installed in the slope (Fig. 4) did not show any response during the monitoring period, indicating that the groundwater table was located below the depth of the piezometer tips. In the residual soil slope under investigation, the formation of a perched water table and the resulting development of positive pore-water pressures could be initiated by two processes: variations of unsaturated permeability of the soil with variations in matric suction (i.e., permeability function), and the decreasing saturated permeability with increasing depths (due to the decrease in the degree of weathering at greater depths). The advancement of the infiltrating rainwater to deeper depths is affected by the unsaturated permeability of the soil in front of the wetting front which is still at its initial matric suction. The low unsaturated permeability in front of the wetting front impedes the downward vertical movement of water. As the advancing wetting front reaches the boundary between the permeable (orange silty clay) and the relatively less permeable (purple clayey silt) soil layer the movement is further impeded due to a reduction in the saturated permeability (Table 1) . As a result, the infiltrating rainwater collects at the less permeable soil layer (Fig. 2) and results in a build up of positive porewater pressures as observed in Figs. 7-9. The positive porewater pressures are sustained for a period of time with a gradual decrease in magnitude. The recovery of matric suction is dependent on how efficiently the slope vegetation and climatic conditions accelerate the decrease in pore-water pressures. It is obvious from Figs. 8 and 9 that an increase in porewater pressure is anticipated at almost all magnitudes of rainfall events. The increase in pore-water pressures, however, does not seem to be proportional to the rainfall amount. Therefore, the correlation between the increase in pore-water pressures (difference in pore-water pressure before and after a rainfall) and rainfall amount was examined. This was done by taking the algebraic difference in pore-water pressures before and after a rainfall event for all depths and rainfall events shown in Figs. 8 and 9 . Figure 10 shows the increase in pore-water pressure as a function of the rainfall amount monitored at the slope. Although there is considerable scatter (correlation coefficient r 2 = 0.517), the trend in the dataset is evident. The relative increase in pore-water pressure appears to increase rapidly with an increase in the rainfall amount, but then the rate of increase tends to decline at greater rainfall amounts. This tendency is perhaps due to the fact that soils in a relatively dry condition (low water content, high matric suction) cause an increase in the pore-water pressure but fail to raise the pore-water pressure to its maximum value when the infiltration is from a relatively small rainfall. When a larger rainfall occurs, the rise in pore-water pressure reaches its maximum as the soil approaches saturation, and additional rainfall does not contribute to infiltration or to any significant increase in pore-water pressure. Therefore, the relative increase in pore-water pressure increases with an increase in rainfall and tends to decline at higher rainfalls.
The equation shown in Fig. 10 has a negative intercept, indicating that a rainfall of greater than 1.38 mm is needed to initiate a rise in pore-water pressure. This is consistent with the concept that small-magnitude rainfalls may not be available to the soil to contribute to an increase in porewater pressure because they will be intercepted by the slope vegetation. Figure 9 , which can be used to justify this concept, shows that there is a small rainfall (about 1 mm) between 17 and 18 February 1998, and the pore-water pressures at any depth did not respond to this rainfall. There are some observation errors inherent in the data, however, as there are few observations available on changes of porewater pressures at very low rainfalls. Therefore the equation in Fig. 10 was not forced through the origin.
The relationship shown in Fig. 10 appears to have some practical significance. It can be used to assess the possible risk of slope failure. For an application of Fig. 10 , the porewater pressure in the slope before a rainfall event and a relationship between pore-water pressure and factor of safety are required. The existing pore-water pressure in the slope may come from one or more tensiometers installed in the slope (preferably more than one location to obtain a representative value). The relationship between pore-water pressure and factor of safety can be established from a numerical analysis (seepage and slope stability analyses) for a residual soil slope subjected to various rainfall conditions where the flux boundary and pore-water pressure conditions are known from a previous field-monitoring scheme. Assuming that the current pore-water pressure in the slope is -5 kPa and a rainfall of 40 mm is anticipated, Fig. 10 readily indicates that an increase in pore-water pressure of about 4 kPa is inevitable. This means that after a 40 mm rainfall the pore-water pressure in the slope will become -5 + 4 = -1 kPa. From the relationship between pore-water pressure and factor of safety, it is possible to estimate the factor of safety at a pore-water pressure of -1 kPa (i.e., after the 40 mm rainfall). Thus, the relationship shown in Fig. 10 can be used to assess the risks of slope failure when a high rainfall is anticipated.
Conclusions
The results of natural and simulated rainfall-runoff experiments conducted on the test slope suggest that a large proportion of the rainfall contributes to infiltration in the residual soil slope. A rainfall may contribute from 40% to about 100% of its total rainfall as infiltration (assuming negligible interception losses) depending on the rainfall amount. This information is useful for seepage analyses that require the total infiltration amount as an input parameter. Smaller total rainfalls may contribute fully to infiltration, and larger total rainfalls may contribute more towards runoff generation and relatively less to infiltration. The percentage of rainfall contributing to infiltration decreases with an increase in the rainfall amount. There appears to be a threshold rainfall of about 10 mm. Storm events resulting in a total rainfall above this threshold are only capable of producing surface runoff. Infiltration and runoff amount, as well as the relative increase in pore-water pressure due to a rainfall, are influenced by the antecedent rainfall in the slope.
Rainfall events may result in positive pore-water pressure development in the residual soil slope as a result of the formation of a perched water table. The relative increase in pore-water pressures appears to be related to rainfall amount. The relationships between the relative increase in pore-water pressure and total rainfall may provide a useful tool for assessing slope instability due to rainfall. The characteristics of infiltration processes, runoff generation, and pore-water pressure changes identified in this study may have relevance for the assessment of rainfall-induced slope instability in residual soil slopes under similar climatic conditions in different geographic regimes. Can. Geotech. J. Vol. 42, 2005 NSTB 17/6/16, Rainfall-induced slope failures). The second author gratefully acknowledges the research scholarship made available by NTU for this study. The authors gratefully acknowledge the field assistance of the Geotechnics Laboratory staff, School of Civil and Environmental Engineering, Nanyang Technological University, Singapore, during the setup, troubleshooting, and data collection for this study.
